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ble beta decay.
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1. Introduction
The interpretation of the solar and atmospheric neutrino, of the KamLAND and of the K2K
and MINOS data (for a recent review see Ref. [1]) in terms of neutrino oscillations requires the ex-
istence of neutrino masses and mixing. The relation between the three left-handed flavour neutrino
fields νlL and the massive eigenstates ν j, with a mass m j, is described by a unitary 3× 3 mixing





Ul j ν jL . (1.1)
The PMNS matrix can be parametrized by 3 angles, and, depending on whether the massive neu-
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where ci j = cosθi j, si j = sinθi j, the angles θi j, δ = [0,2pi] is the Dirac CPV phase and α21, α31 are
two Majorana CPV phases [3, 4]. The parameters driving the solar (and KamLAND) oscillations
are the mixing angle θ12 ≡ θ⊙ and the mass squared difference ∆m221 = m22−m21 ≡ ∆m2⊙ , whose
best fit values are sin2 θ⊙ = 0.30 and ∆m2⊙ = 7.7× 10−5 eV2 [5]. The dominant νµ → ντ ( ¯νµ →
¯ντ ) oscillations of atmospheric νµ ( ¯νµ ) is due to the neutrino mass squared difference |∆m231| =
|m23 −m
2
1| ≡ ∆m2A and the mixing angle θ23 ≡ θA. Their best fit values are given by |∆m2A | =
2.4× 10−3 eV2 and sin2 2θ23 = 1 [5]. The third angle present in the PMNS matrix, θ13, is at
present unknown with a tight bound coming from a combined analysis of oscillation data, sin2 θ13 <
0.035 (0.056) at 95% (99%) C.L. [5], although a recent hint in favour of θ13 6= 0 has been found [6].
The existing neutrino oscillation data allow us to determine ∆m2⊙, |∆m2A|, sin
2 θ⊙ and sin2 2θA
with a relatively good precision and to obtain rather stringent limits on sin2 θ13. Despite these
great achievements, we still lack important information on neutrino masses and mixing. The main
goals of the next future program in neutrino physics concerns the determination of the nature of
neutrino - whether they are Majorana or Dirac particles, of the value of θ13, of the values of neutrino
masses, of the presence of CP-violation in the lepton sector, and of the number of neutrinos. In
the present proceedings, I will focus on the question of neutrino masses from the point of view
of non-oscillation neutrino experiments and in particular I will discuss direct neutrino mass and
neutrinoless double beta decay searches.
2. Neutrino masses
While the values of ∆m2⊙ and of |∆m2A | are well known, the sign of ∆m2A cannot be determined
from the present (SK atmospheric neutrino, K2K and MINOS) data, which are well described by
two-neutrino oscillations in vacuum. In the case of 3-ν mixing ∆m231 > 0 or ∆m231 < 0 correspond
to two types of ν-mass ordering:
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ii) with inverted ordering m3 < m1 < m2, ∆m2A = ∆m232 < 0.
The three neutrino masses can be expressed in term of the lightest neutrino mass, mMIN , depend-
ing on the type of ordering as: i) Normal ordering: m1 = mMIN , m2 =
√
mMIN
2 +∆m2⊙ , m3 =√
mMIN
2 + |∆m2A |; ii) Inverted ordering: m3 = mMIN , m1 ≃ m2 =
√
mMIN
2 + |∆m2A |.









|∆m2A | resulting into the types of neutrino mass spectra:
i) Normal Hierarchical (NH): m1 ≪ m2 ≪ m3, with m2 ∼=
√
∆m2⊙ eV and m3 ∼=
√
|∆m2A | eV; ii)
Inverted Hierarchical (IH): m3 ≪m1 < m2, with m1,2 ∼=
√
|∆m2A| eV; iii) Quasi-Degenerate (QD):
m1 ∼= m2 ∼= m3, with m1 ∼= m2 ∼= m3 ∼= m0, m2j ≫ |∆m2A|, m0 ∼> 0.10 eV.
In order to measure neutrino masses, one will have to establish: 1) the type of neutrino mass
ordering; 2) the absolute neutrino mass scale, set by the value of mMIN .
Various experimental strategies are employed for answering these questions:
i) direct mass searches. Tritium beta decay experiments can test the quasi-degenerate spectrum of
neutrinos by looking at a deviation of the electron spectrum at the end point with respect to the
massless neutrino case (see Sec. 3);
ii) neutrinoless double beta-decay experiments. This process takes place only if neutrinos are
Majorana particles and lepton number is violated. The rate of the decay depends on the values of
neutrino masses in a combination called the effective Majorana mass parameter, |〈m〉| . In case of
a positive signature, a measurement of |〈m〉| would allow to get information on the neutrino mass
spectrum (see Sec. 4);
iii) supernova neutrinos. Once emitted in a supernova explosion, the neutrino wave-packet splits
due to the small difference in velocity in its components and a time-spread in the signal in a neutrino
detector would be recorded. Requiring the time-spread to be smaller than the time interval of the



















Supernova neutrinos can also reveal the type of neutrino ordering by looking at matter effects
in neutrino oscillations (see, e.g. [8]).
iv) cosmological observations. The relic neutrinos, which remained in the Early Universe after
neutrino decoupling at T ∼ 1 MeV, were relativistic at the time of formation of the structures of the
Universe, galaxies and clusters of galaxies, and therefore they are a component of hot dark matter.
If their contribution to the energy density of the Universe is too large, the predictions of the models
of structure formation cannot reproduce the cosmological observations. Very stringent bounds have
been obtained, whose details depend on the set of cosmological data considered. Typically, one has
∑i mi < 1.0–1.5 eV (see, e.g. Ref. [9]).
3. Tritium beta decay and direct neutrino mass searches




Prospects for mass scale and inverted hierarchy in non oscillations experiments SILVIA PASCOLI
value of neutrino masses by looking at the high-end part of the electron β -decay spectrum. In the
most sensitive experiments, the decay of tritium, 3H →3 He+ e−+ ¯νe, is studied. The differential
decay rate can be expressed as a sum over the decay rates into the final massive neutrinos:
dΓ







(E0−E)2−m2i F(E)θ(E0−E−mi) . (3.2)
Here me, p and E are the electron mass, momentum and energy, respectively, E0 is the energy
released in the decay, F(E) takes into account the Coulomb interactions, and mi is the mass of the
final antineutrino. The constant C is given by C ≡ G2Fm3e cos2 θC|M|2, with GF the Fermi constant
and θC the Cabibbo angle. M is the constant nuclear matrix element. Depending on the type
of neutrino mass spectrum, the electron spectrum will have a different dependence on neutrino
masses [10]:
i) NH spectrum. In this case the contribution of the heaviest mass ∆m2A is suppressed in the decay






ii) IH spectrum. In this case the contribution of ∆m2A is weighted by |Ue1|2 + |Ue2|2 ≃ 1 and the




dΓi(mi = ∆m2A )
dE + |Ue3|
2 dΓi(mi = 0)
dE ≃
dΓi(mi = ∆m2A )
dE . (3.4)






where we have used the fact that |Ue1|2 + |Ue2|2 + |Ue3|2 = 1.
It follows that beta-decay experiments can provide information on the neutrino mass spectrum and
measure neutrino masses if the spectrum is QD and, possibly in the future, IH.
The present data from the Mainz [11] and Troitzk [12] experiments allow to constrain neutrino
masses in the eV range (at 95% C.L.): m0 < 2.3 eV. The KATRIN experiment [13] should be
soon commissioned and in three years of data taking should improve the sensitivity down to m0 ∼
0.2 eV, covering all the value of masses of the QD spectrum (for other beta-decay experiments see
Ref. [14]).
4. Neutrinoless double beta decay
One of the most important questions to address in the future concerning massive neutrinos
is whether they are Dirac or Majorana particles. The nature of neutrino is directly related to the
fundamental symmetries of elementary particle interactions, and in particular to the conservation
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double beta-decay ((ββ )0ν decay): a process in which two neutrons transform into two protons and
two electrons, exchanging light virtual Majorana neutrinos.
The half-life of (ββ )0ν -decay, Tββ0ν , depends on neutrino masses and mixing parameters via
the effective Majorana mass 〈m〉 (see, e.g. Ref. [15]), T−1/2ββ0ν ∼ <m> M , where M is the corre-
sponding nuclear matrix element (NME) and
|〈m〉| =
∣∣m1|Ue1|2 +m2|Ue2|2 eiα21 +m3|Ue3|2 eiα31 ∣∣ . (4.1)
Here mi denote the neutrino masses, Uei the elements of the first row of U .
The extraction of |〈m〉| from a measurement of or a limit on Tββ0ν depends on the theoretical
evaluation of the NME. At present there are large uncertainties in their calculation and a strong
theoretical effort is required in order to solve the problem of the computation of the nuclear matrix
elements.
Rather stringent upper bounds on |〈m〉| have been obtained in the 76Ge experiments by the
Heidelberg-Moscow collaboration, |〈m〉| < 0.35–1.05 eV (90% C.L.), and by the IGEX collabo-
ration, |〈m〉| < (0.33–1.35) eV (90% C.L.). A positive signal at > 6σ , corresponding to |〈m〉| =
0.32± 0.03 eV, is claimed to have been observed [16]. At present NEMO3 [17] and CUORI-
CINO [18] are taking data and, a part from NME uncertainties, should be able to check this claim.
Their latest results read, at 90% C.L., |〈m〉| < (0.7–2.8) eV [17] and |〈m〉| < (0.2–0.9) eV [18]. In
the future generation experiments CUORE, GERDA, EXO, MAJORANA, SuperNEMO, MOON,
XMASS, CANDLES, aim at a sensitivity of |〈m〉| ∼ (0.01−0.05) eV.
The predicted value of |〈m〉| depends, in the case of 3-ν mixing, critically on the neutrino
mass spectrum and on the values of the two Majorana CP-violation phases in the PMNS matrix,
α21 and α31 (see Eq. (4.1)) (see, e.g. Ref. [19]). We review here the predictions of |〈m〉| for the
three conventional types of neutrino mass spectrum: NH, IH and QD, which are given by:
|〈m〉| NH ≃ |
√














|〈m〉| QD ≃ m0|(cos2θ⊙+ sin2θ⊙eiα21)cos2θ13 + eiα31sin2θ13|, (4.4)
where the notations are obvious.
It is possible to estimate the predicted values of |〈m〉| by substituting in Eqs. (4.2), (4.3) and
(4.4) the present best fit values for ∆m2⊙, ∆m2A, θ⊙, and the prospective errors on the oscillation
parameters. Here we take σ(∆m2⊙) = 2%, σ(∆m2A) = 2%, σ(sin
2 θ⊙) = 4% and σ(sin2 θ13) =
0.006. For an extended discussion, see the very recent analysis in Ref. [20]. For a typical value
of sin2 θ13 = 0.01, we have |〈m〉| NHmin = 1.5 meV, |〈m〉|
NH
max = 3.9 meV, |〈m〉|
IH
min = 15.0 meV,
|〈m〉| IHmax = 50.0 meV and |〈m〉|
QD
min = 60.7.
As it was noticed in Ref. [21] (see also Ref.[19]), in the case of a large but non-maximal solar
mixing, the predictions for the different type of neutrino mass spectra are very different. The crucial
point is that, because of large but not-maximal solar mixing angle, a significant lower bound on
|〈m〉| can be put in the case of the IH and QD spectra. More specifically, |〈m〉| is bounded to lie
in the interval [19, 21]:
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Figure 1: Information on the type of neutrino mass spectrum, inferred from data on (β β )0ν -decay as a
function of the observed |〈m〉| and its experimental error for three different assumptions on the knowledge
of the NME. For values of |〈m〉| obs and of its experimental error, σβ β , forming the dark shaded and white
areas in the three panels, no information on sgn(∆m231) can be obtained. The light shaded regions correspond
to the case where sgn(∆m231)< 0 (inverted mass ordering) can be excluded. Values of ∆m2A =, ∆m2⊙ =, θ⊙=
and sin2 θ13 = 0.03 were used. Figure taken from Ref. [22].
where mMAX ≡
√
|∆m2A | for the IH spectrum and mMAX ≡m0 for quasi-degenerate masses. The two
limiting values correspond to CP-conservation: the upper (lower) bound is obtained for α21 = 0 (pi).
This implies a significant lower bound on |〈m〉| IH ∼> 15 meV and |〈m〉| QD ∼> 60 meV, which
is significantly larger then the upper bound on |〈m〉| for the NH spectrum. A detailed analysis
of the capability of neutrinoless double beta decay in giving information on neutrino masses was
performed in Ref. [22]. The prospective experimental errors were included as well the uncertainties
on the nuclear matrix elements. In Fig. 1, taken from Ref. [22], I report the main conclusions on
the determination of the neutrino mass spectrum. In the ideal case of perfectly known NME, a
measurement of |〈m〉| > 0.1 eV would typically imply that the spectrum is QD while for smaller
values of |〈m〉| the dependence on the experimental error on |〈m〉| plays a relevant role. For an
error of 10 meV, for |〈m〉| > 60 meV the spectrum is established to be QD, while for 25 meV <
|〈m〉| < 60 meV both IH and QD masses are allowed. Finally, for |〈m〉| < 25 meV no information
on the mass ordering would be found as the spectrum could be with normal ordering and partial
hierarchy or inverted ordering. Similar, although somewhat weaker, conclusions can be drawn for
larger uncertainties on the NME. It follows that the observation of (ββ )0ν -decay could provide, in
principle, unique information on the value of neutrino masses.
5. Conclusions
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have mass and they mix. Neutrino masses can follow two patterns: normal ordering if m1 < m2 <
m3 and inverted ordering for m3 < m1 < m2. In order to establish the absolute values of neutrino
masses it is necessary to determine the type of hierarchy and the absolute neutrino mass scale, set
by the lightest neutrino mass, mMIN . Various experimental strategies are used to this aim, like direct
mass searches by studying the electron spectrum in beta-decays, neutrinoless double beta decay by
looking at the effective Majorana mass parameter, cosmological observation looking at the impact
of neutrino masses on the structure formation in the Early Universe and on the Cosmic Microwave
Background Radiation. Neutrino oscillations can also give information on the type of neutrino
mass ordering by looking for matter effects in oscillations of supernova neutrinos, in long baseline
experiments and atmospheric neutrinos. Here, I briefly reviewed the non-oscillation searches of
neutrino masses.
These techniques will provide useful information on neutrino masses. They are complemen-
tary and their synergy should be used to achieve a better determination of mass and mixing parame-
ters and to test the standard 3-neutrino mixing scheme. It should be noted that strong discrepancies
in future data would be an indication that new physics effects, beyond the three-neutrino mixing
scenario, are at work.
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